Two 13-endoxylanases produced by NeocaUlimastix frontalis have been purified by ammonium sulfate precipitation, gel filtration, and ion-exchange chromatography. Xylanase I is a nonglycosylated protein with an apparent molecular mass of 45 kDa. Xylanase II is a glycoprotein with an apparent molecular mass of 70 kDa.
hydrolysates. Antibodies raised against each purified protein exhibited no cross-reaction, confirming the biochemical specificities of the enzymes. Both enzymes exhibited carboxymethyl cellulase activity, and xylanase I was absorbed on crystalline cellulose, indicating that these enzymes might belong to the F family of f5-1,4-glycanases.
Hemicellulose is the second most abundant polysaccharide in plant cell walls, accounting for up to 40% of the total carbohydrate fraction. The major hemicellulose component, xylan, is a highly branched polymer in which the xylopyranoside units are substituted with acetyl, arabinosyl, and glucuronosyl residues depending on the source (1) . Hemicellulose associated with lignin surrounds cellulose fibrils and constitutes a "barrier," restricting the cellulolytic hydroly-S1S.
In the rumen, bacteria, protozoa, and fungi are responsible for the conversion of plant material into components utilizable by the host animal. Studies carried out on several species of anaerobic Phycomycetes have revealed the efficiency and the multiplicity of the extracellular enzyme system produced by these fungi (11, 18, 24, 25, 30 ). It appears that cellulolytic activities of the ruminal fungus Neocallimastix are high compared with those of Tnchoderma species, which are the most active cellulolytic fungi (33) . Different components of this enzymatic system have been purified: several 0-glucosidases (12, 17, 28 ) and a cellulosome-type enzyme (31) have been isolated and characterized.
High levels of extracellular xylanolytic enzymes are also secreted by these anaerobic fungi (11, 18, 30) . Degradation of xylans to their constituent monosaccharides is mediated by the concerted action of xylan endohydrolases, exohydrolases, and 3-xylosidase, but little is known of the sequence of enzymatic events during hydrolysis or of the properties of individual enzymes. However, a P-xylosidase having an activity on xylan has been purified (13) . In the present work, we have purified two xylanases and characterized their properties.
MATERUILS AND METHODS
Organisms and culture conditions. Neocallimastixfrontalis MCH3, Piromyces communis, and Caecomyces communis, * Corresponding author.
isolated from the ruminal fluid of sheep as described previously (11) , were maintained in the semisynthetic medium B described by Lowe et al. (19) and modified in our laboratory (8) . The fungi were grown anaerobically at 39°C in 10-ml Hungate culture tubes with a gas phase of 100% CO2.
Enzyme preparation. Enzymes were produced in 1-liter plasma flasks containing 500 ml of liquid medium, with 0.5% methyl-o-D-glucopyranoside (Sigma) as the carbon source, and flasks were inoculated with a 50-ml zoospore suspension from a 3-day-old culture. After 3 to 4 days of growth, the culture was harvested by centrifugation. The supernatant solutions were dialyzed for 24 to 36 h at 4°C against distilled water through dialysis tubing with an exclusion limit of 10 to 14 kDa (Serva) and then freeze-dried. The resulting powder was used for enzyme purification.
Enzyme assays. Xylanase activity was assayed with xylan as substrate by determining the amount of reducing sugar released, using the dinitrosalicylic acid method of Miller (21) . The standard reaction mixture (1 ml), containing 1.5 mg of oat spelt xylan (Serva) dissolved in 0.1 M citrate-phosphate buffer (CPB; pH 6) and appropriate diluted enzyme, was incubated at 50°C for 5 to 30 min; xylose was used as the standard. Cellulases and ,-1,3-glucanase activities were assayed in the same conditions, using, respectively, carboxymethyl cellulose (3 mg/ml; Serva) and laminarin from Lineweaver-Burk plots, using oat spelt xylan concentrations varying from 0.5 to 4 mg/ml.
Xylan hydrolysis and separation of hydrolysis products.
Hydrolysis of oat spelt xylan was carried out at 40°C under agitation with a 20-mg/ml final xylan concentration and 0.1 U of purified enzymes. Samples were periodically withdrawn and used for reducing sugar determination and chromatographic analysis. After heat inactivation (100°C), oligosaccharide products were separated by thin-layer chromatography on silica gel, using ethyl acetate-acetic acid-water (2:1:1, by volume) as the mobile-phase system. Oligosaccharides were detected with the aniline diphenylamine reagent (4) .
Amino acid sequencing. The purified enzymes (80 ,ug) were run on an SDS-10% polyacrylamide gel and electrotransferred (20) to an Immobilon polyvinylidene difluoride transfer membrane (Millipore Corp.). The membrane was stained with Coomassie brilliant blue R-250, and after destaining, the polypeptide bands were cut from the membrane and used for amino acid sequencing by automated micro-Edman degradation, with an Applied Biosystems model 470-A vapor phase sequencer (Centre de Microanalyse du Centre National de la Recherche Scientifique, Solaize, France).
Cellulose binding capacity. Two milliliters of the crude enzymatic preparation was loaded on prewashed Avicel (2 g) in CPB buffer, packed in a chromatography column. Avicel was successively washed with 4 ml of distilled water, 0.5 M NaCl, 1 M NaCl, and then finally 1% SDS. Each fraction was used for enzymatic analysis and submitted to SDS-PAGE and immunoblotting. Immunological methods. The purified enzymes were separately used as antigens to raise the corresponding antisera from rabbits. The rabbits were immunized with three intradermal injections of 20 ,ug of enzymes at 15-and 25-day intervals. The last intradermal injection was performed 30 days later with 30 ,ug of xylanase I and 66 ,ug of xylanase II.
Antisera were collected 15 days after the fourth injection. For immunoblotting (Western blotting), the purified enzymes were run on SDS-10% polyacrylamide gels and then electroblotted to nitrocellulose, 0.45 nm (BA 45; Schleicher & Schuell), as described by Towbin et al. (29) . The remaining binding sites of nitrocellulose were blocked for 2 h with 5% nonfat dry milk in Tris-buffered saline. Protein blots were incubated for 2 h with appropriate antisera in 5% nonfat milk in Tris-buffered saline. Horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (1:1,000 dilution) was used as a second antibody, and color was developed in Tris-buffered saline with 0.5 mg of diaminobenzidine (Sigma) and 0.5 RI of 30% H202 per ml.
Glycoprotein staining. Total extracellular proteins and purified enzymes were separated by SDS-PAGE and then transferred to nitrocellulose membranes. Membranes were saturated with 0.5% gelatin hydrolysate and then incubated in 25 ,ug of concanavalin A (conA) (type IV; Sigma) per ml dissolved in Tris-buffered saline supplemented with 1 mM CaCl2 in order to detect mannose or glucose residues or both (7). Horseradish peroxidase, 50 ,ug/ml (dissolved in the same buffer), was used as the conjugate, and color was developed as described above.
RESULTS
Enzyme purification. The crude enzyme preparation obtained as the dialyzed and freeze-dried culture filtrate was solubilized in CPB-8 mM EDTA and then precipitated with ammonium sulfate to 85% saturation. This fraction contained 78% of the xylanase activity, while 46% of the proteins were eliminated. Gel filtration of this fraction on Ultrogel AcA 44 permitted separation of two major peaks of xylanases: the first peak, presenting an apparent molecular mass higher than 200 kDa, was eluted with 66% of the proteins; the second peak, containing xylanases I and II, presented a low apparent molecular mass and was eluted with 12.3% of the remaining proteins at the exclusion limit of the column (10 kDa). This second peak, which represented 42.6% of xylanase activity of the culture filtrate, was used for further purification.
This fraction was desalted and submitted to anion-exchange chromatography. Xylanase I did not bind to the gel (Table 1 ). Significant losses in activity were also observed during the anion-exchange chromatography. These losses were probably due to the removal of synergistic enzymes, i.e., separation of endo-and exoxylanases. Consequently, the rates of purification appeared to be low due to the overestimation of the xylanase activity in the crude preparation. This phenomenon is often observed during purification of fungal endoxylanases (6, 22, 23, 26, 32) . Determination of molecular mass. The molecular masses of the enzymes were estimated by Ultrogel AcA 44 gel filtration to be 14.5 kDa for xylanase I and 20 kDa for xylanase II. Both purified enzymes appeared to be homogeneous, composed of a single polypeptide chain when subjected to SDS-PAGE and silver staining (Fig. 1) . Molecular mass estimations of 45 (xylanase I) and 70 (xylanase II) kDa by SDS-PAGE were considerably higher than those estimated by gel filtration. These differences in molecular mass estimations by SDS-PAGE and gel filtration are common among fungal xylanases. The apparent molecular weights of xylanases A and B from Trichodenna longibrachiatum have been estimated to be 5,000 and 13,000 by gel filtration and 21,500 and 33,000 by SDS-PAGE (26) . Xylanases from T.
harzianum (27) , Aureobasidium pullulans (6), and Aspergillus oryzae (2) have shown similar behavior. The underestimated molecular weights obtained by gel filtration are probably due to physical interactions (ionic and/or hydrophobic) between the enzymes and the gel matrix, leading to a retention of the proteins.
Enzyme characteristics. The optimum pHs were 5.5 for xylanase II and 6 for xylanase I. Both enzymes were mostly inactive at pH 4, while 70% of their maximal activities were found at pH 7.0 ( Fig. 2A) .
The optimum temperature for activity (measured after 10 min of incubation) of the two purified enzymes was about 55°C (Fig. 2B) . A sharp decrease occurred at 60°C, while at 40°C, 60 and 30% of the maximal xylanase I and II activities were observed. Thermostabilities were investigated by measuring the residual activity of the enzymes after 1 h of incubation of the enzymes at temperatures ranging from 25 (Fig. 2C) .
The affinity of the purified enzymes for oat spelt xylan were examined with a Lineweaver-Burk plot. The Kms of xylanases I and II were 1.22 and 2.5 mg of substrate per ml, respectively.
The effects of various reagents on both enzymatic activities were investigated (Table 2) . Activities were completely inhibited by the addition of Hg2" and p-chloromercuribenzoate, indicating the involvement of thiol groups in the conformation of the proteins or in the active site of the enzymes. Xylanase II was strongly stimulated by Mn2 , Co2 , and Cu2+, all of which have a weak stimulatory effect on xylanase I. Zn2+ increased only the xylanase II activity.
The N-terminal amino acid sequence of the xylanase I was NH2-Val-Asn-Leu-Gln-Ser-Lys-Leu-Ser-Ile-Gln-Asp-ValAsp-Leu-Lys-Gly-Lys-X-Val-Val-Ile-Arg (X could be Arg).
The N terminus of the xylanase II was blocked and could not be determined. Substrate specificity. The purified enzymes were examined for the ability to hydrolyze various substrates. They had no significant activity against pNP-3-glucoside, pNP-3-xyloside, pNP-3-fucoside, pNP-,B-lactoside, pNBP-,-cellobioside, pNP-p-galactoside, and pNP-a-arabinoside. Of the polymers tested (laminarin and carboxymethyl cellulose), only carboxymethyl cellulose was degraded by xylanases I and II. Carboxymethyl cellulase (CMCase) activity of xylanases I and II represented 38 and 28%, respectively, of their xylanolytic activity. Xylanase and CMCase activities are also exhibited by single enzymes in other fungi such as T. harzianum (27) , Aspergillus kawachii (15) , and Neurospora crassa (5) . The analysis of cleavage products identified both purified xylanases as endoenzymes (P-1,4-xylanhydrolase; EC 3.2.1.8). The products of a time course hydrolysis of xylan were analyzed by thin-layer chromatography (Fig. 3) . During the course of incubation, xylo-oligosaccharides were produced and accumulated. Xylose and xylobiose were not detected even after 24 h of incubation. Similar oligosaccharides were released by both purified enzymes, suggesting that they have similar modes of action. When equivalent amounts of xylanases I and II were incubated together with xylan, the amount of reducing sugars released was 15% higher than the additive activities of the enzymes incubated separately. Oligosaccharides of a smaller size than those produced by each separated enzyme were liberated. This indicated that the enzymes may have a synergistic action; i.e., products released by one enzyme may serve as the substrate for the other enzyme.
Immunological specificity. Antibodies against purified xylanases I and II were raised in rabbits. They did not cross-react when tested against the purified enzymes. These antisera were probed against the crude extracellular filtrate in order to determine their immunological specificities (Fig.  4) . The anti-xylanase I detected only one band of about 45 kDa, corresponding to the molecular mass of the purified enzyme. The anti-xylanase II was less specific, detecting several polypeptides. The specific anti-xylanase I antiserum was used to probe proteins secreted by the other ruminal fungi, P. communis and C communis (Fig. 5) . A single band of about 45 kDa was observed, indicating that xylanases similar to xylanase I were also secreted by these fungi.
Secretory enzymes in fungi are very often glycosylated to a different degree. The presence of carbohydrate residues in the purified xylanase was established by ConA peroxidase staining. The enzymes were subjected to SDS-PAGE and then electroblotted from the gel onto nitrocellulose membranes. Xylanase I did not bind ConA, but xylanase II clearly possesses mannosyl and/or glucosyl residues, as evidenced by ConA binding (Fig. 4) . These results indicate 0 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 '. +v %n,> sid'i XS i'' p"AL6Ath>sSeWE<'SQ. zfi: '9> fAX,; ' > ; : 0 6 (s>X< i040 -;0 it ttt A'>'>+'S21B'>;00 000 P>2++* 000,; 0^,0 t 0 0 i t X d i f 4 0 * < -t 0 X " + > < t . s * 0 1 F * i ' S b 0 0 0 0 * # ' ' ; ' -; t i w Y f > 4 , + e 0 ' j 0 , i ; that xylanase II is a glycoprotein, while xylanase I is probably not glycosylated. As xylanase II is glycosylated, it is possible that its antiserum contained antibodies directed against the oligosaccharide sequences and thus reacted with other secreted glycoproteins. This could partly explain the aspecificity of the antiserum.
Cellulose binding of xylanases. Structural studies have revealed that xylanases with CMCase activity possess several domains including a cellulose binding domain (9, 10) . The presence of such a domain in N. frontalis xylanase was assessed by determining whether these activities can bind to crystalline cellulose (Avicel). Following incubation of the crude enzymatic extract in Avicel and then washing with distilled water, proteins adsorbed to the crystalline cellulose were successively eluted with increasing concentrations of NaCl and finally with 1% SDS. Xylanase and CMCase activities recovered in washing solutions corresponded to unbound enzymes. Elution with NaCl released both enzyme activities with an increase of the specific activity (Table 3) . Our results indicate that this type of activity chromatography may be used to obtain a 1,4-,3-glucanase-enriched fraction. Enzymes were recovered in the SDS fraction, but their activity was probably underestimated as SDS inhibits the enzymatic activity of P-xylanases I and II (Table 2) . Also, the enzymatic activities recovered in the SDS fraction (Table  3) do not necessarily correspond to the purified xylanase I or xylanase II. Other xylanolytic and cellulolytic components may be present in the crude extract.
On a Western blot of SDS-PAGE-separated proteins from the various fractions, the polyclonal antiserum anti-xylanase I revealed a polypeptide of 45 kDa notably in the 1 M NaCl-1% SDS eluates (Fig. 6) . The recovery of xylanase I after adsorption and elution suggests that this enzyme possesses a cellulose binding domain. One has to notice from (11, 13) . The two enzymes we have purified meet the criteria for endoxylanases, as the reaction products detected in substrate hydrolysates were xylo-oligosaccharides. During the purification of these enzymes, particular features of xylanase isolation were encountered, i.e., a low purification factor and a discrepancy in molecular masses estimated by gel filtration and SDS-PAGE. Similar behavior has been observed with other fungal xylanases (2, 22, 23, 26) .
The purified enzymes, which showed optimal activity at pH 5.5 to 6.0 and 55°C, were sensitive to small variations of pH or temperature as their activities decreased rapidly on both sides of the maximal values. These patterns are similar to those of a ,B-xylosidase-exoxylanase from N. frontalis that we have purified previously (13) .
The xylanases purified in this study exhibited properties comparable to those of other xylanases with respect to optimum pH and temperature (34) . The apparent Kms were also similar to those of other fungal xylanases (34) .
Both purified xylanases exhibited CMCase activity but were structurally different. Xylanase II, but not xylanase I, appeared to be glycosylated. Since antibodies raised against one enzyme did not cross-react with the other enzyme, this indicates that they are not the result of posttranslational modification of a single protein.
Cellulases and xylanases can be grouped into nine enzyme families on the basis of conserved amino acid sequences and hydrophobic cluster analysis (10, 14) . Members of family F have both endoglucanase and xylanase activities. The xylanases we have purified are bifunctional proteins exhibiting these two activities; thus, they might belong to this family. Recently, a cDNA from N. patriciarum encoding an enzyme with endoglucanase, cellobiohydrolase, and xylanase activity has been isolated (35) . Demonstration of the cellulose binding capacity of the xylanases from N. frontalis supports this classification. Confirmation will be provided by the determination of the complete amino acid sequences of these enzymes. These data, along with our previous results (12, 13) , show that multifunctionality of the enzymes seems to be common in ruminal fungi.
